Mitochondria are the powerhouses of eukaryotic cells as they feed metabolism with its major substrate. Oxidative-phosphorylation relies on the generation, by an electron/proton transfer chain, of an electrochemical transmembrane potential utilized to synthesize ATP. Although these fundamental principles are not a matter of debate, the emerging picture of the respiratory chain diverges from the linear and fluid scheme. Indeed, a growing number of pieces of evidence point to membrane compartments that possibly restrict the diffusion of electron carriers, and to supramolecular assembly of various complexes within various kinds of supercomplexes that modulate the thermodynamic and kinetic properties of the components of the chain. Here, we describe a method that allows the unprecedented time-resolved study of the respiratory chain in intact cells that is aimed at assessing these hypotheses. We show that, in yeast, cytochrome c is not trapped within supercomplexes and encounters no particular restriction to its diffusion which questions the functional relevance of these supramolecular edifices.
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bioenergetics | electon transfer | respiration | compartmentalization S ince the discovery of cytochrome by Keilin (1) , followed by the elucidation of the sequence of events leading to oxidativephosphorylation (2) and by the identification of the enzymatic complexes involved in the process (3, 4) , the structural and functional organization of the respiratory electron transfer chain (ETC) has been a matter of lively debate and ongoing studies. The first model was a rigid one involving sequential redox reactions. Later, Green and Tzagaloff argued that, on the contrary, ubiquinone and cytochrome c act as mobile electron carriers between immobile membrane-bound complexes (5) . In Green and Tzagaloff's model, supported by Kröger and Klingenberg (6, 7) , the respiratory chain is comprised of membrane-bound complexes and electron shuttles that are randomly distributed within the inner membrane and intermembrane space of mitochondria. Extensive studies by Hackenbrock and colleagues of the diffusion properties of the different actors of the respiratory chain, in particular of cytochrome c, brought compelling evidences for a random collision model (reviewed in ref. 8 ). Rich reviewed these issues and listed four different models ranging from "liquid" to "solid" state, the intermediate cases comprising the partial association of the individual components, or "patches" containing higher concentration of one or more cofactors (9) . Among these, Rich favored the "free quinone diffusion and interaction by collisions" model. Strikingly, the emergence of mild isolation techniques of membrane components, together with flux-control analysis studies, led to another reversal of paradigm. The characterization by Schäg-ger and Pfeiffer of "supercomplexes" containing cytochrome bc 1 and cytochrome c oxidase (CcOx), in various stoichiometric ratios (10) , fostered the revival of the idea that the functional properties of the respiratory chain are shaped by its ultrastructural organization. Since then, many supercomplex assemblies from a wide variety of organisms or organs have been biochemically characterized, with a large diversity of stoichiometries and complex compositions [see e.g., the recent exhaustive review by Lenaz and Genova (11) ]. This culminated in the isolation by Acin-Pérez, et al. of a functional "respirasome" from mammal cells, transferring electrons all the way from NADH or succinate to molecular oxygen (12) . In addition, the composition and abundance of the biochemically characterized supercomplexes have been shown to vary with growth or physiological conditions (13, 14) , supporting their physiological significance. However, parallel studies on whole cells aimed at understanding the dynamics of the supercomplexes and their functional relevance are lacking. In addition, the question as to whether mobile electron carriers (quinone and cytochrome c) are indeed trapped within assemblies defining "diffusion channels" still remains mainly unanswered (but see ref. 15 ).
In the photosynthetic counterpart of the respiratory electron transfer chain, functional studies underlined the existence of supercomplexes (16, 17) on the one hand and of domains that restrict the diffusion of mobile electron carriers, on the other hand (16, 18, 19) . The purification of a functionally competent cytochrome b 6 f ∕Photosystem I supercomplex (20) is one such example. Also, Photosystems I and II segregate in different zones of the thylakoid membrane, the latter being found in the stacked regions and the former in the nonappressed regions (21, 22) . This mere observation provides ultrastructural support for the idea that the thylakoid membrane consists of juxtaposed domains with distinct functions.
In contrast to light (the substrate of the photosynthetic ETC), neither NADH nor oxygen (the electron donor and acceptor of the respiratory ETC, respectively) can be delivered as a rapid pulse and this precludes the time-resolved characterization of the respiratory ETC. To probe the function of Complex IV (Cytochrome c Oxidase, hereafter CcOx), Gibson and Greenwood designed a method allowing its activation by light and hence its time-resolved analysis (23) . This technique is based on the reversible and competitive inhibition of reduced CcOx by carbon monoxide (CO): CO binds to reduced heme a 3 , thus restraining O 2 accessibility, but can be photo-dissociated, allowing fast O 2 binding. This approach has been fruitfully applied to a variety of terminal oxidases and has provided detailed insights into the electron pathway and proton pumping mechanism associated with CcOx turnover [see e.g., (24) (25) (26) (27) (28) (29) ].
Here we have scaled up this approach to follow, in a timeresolved manner and in intact cells, the sequence of electron transfer not only within CcOx but along the entire respiratory ETC. We have characterized the kinetics of oxidation of cytochrome c in intact Saccharomyces cerevisiae cells as well as its diffusion characteristics. We observed a fast oxidation of cytochrome c consistent with its prebinding to CcOx in both the wild-type and a cardiolipinlacking mutant of the W303 (W303-1B) strain, although the bc 1 -CcOx supercomplex stability is notably decreased in the latter (30) . This fast oxidation component was absent in the BY (BY4742) strain, indicative of a decreased affinity of cytochrome c to CcOx.
In addition, we show that the oxidation of cytochrome c by a given CcOx is a random process. Thus the intricate topology of the inner membrane does not create domains that limit significantly the diffusion of the soluble cytochrome c electron carrier. Despite the considerable amount of evidence supporting the existence of supercomplexes in the respiratory chain of yeast, the present results question their functional relevance, and the approach described here provides an unprecedented tool to address this issue in vivo as it can be, in principle, extended to other cellular systems.
Results
Carbon Monoxide Inhibited Conditions. We first validated the method and assessed its feasibility by studying flash-induced absorption changes within intact cells in the presence of CO and absence of O 2 . As shown in Fig. 1A we observed the characteristic derivative-shaped spectrum reflecting the photo-dissociation of CO and the resulting band shift of the Soret band of the reduced heme a 3 from 430 nm to 445 nm (31, 32) . We note however that this difference spectrum was slightly red-shifted (by c.a. 2 nm) with respect to that of bovine CcOx. This slight red-shift may stem from the sample being strongly scattering (33) or from differences between species. The CO rebinding kinetics were monitored at 445 nm at various concentrations of CO, yielding a bimolecular rate constant of ca. 5.4 10 4 M −1 s −1 in the W303 strain (Fig. 1B) , in good agreement with that found with purified CcOx (23, 34, 35) . In addition we studied the dependence of the amplitude of the flash-induced absorption change at 445 nm on the energy of the flash. As expected, this amplitude followed a monoexponential saturation profile which can be used to assess the relative amount of photo-dissociated CcOx (see Fig. S1 ).
Light-Activation of the Respiratory Chain in the Presence of Carbon
Monoxide and Oxygen. We proceeded to light-trigger the respiratory chain by addition of oxygen to the gaseous phase in equilibrium with the cell suspension. Fig. 2 shows the spectra of the light-induced absorption changes at various times after a flash applied to a suspension of cells equilibrated with 94% CO and 6% O 2 . At early times (20 μs) the spectrum was identical in shape and amplitude to that shown in Fig. 1A . Hence, at this oxygen concentration, the state of CcOx prior to photoactivation was identical to that observed in the absence of oxygen. The absorption changes then displayed the characteristic spectroscopic signature of oxidation of hemes a∕a 3 , seen as the troughs at 445 and 605 nm that are observed in similar experiments with purified CcOx. Interestingly, we also observed bleaching at 420 nm, 520 nm, and 550 nm that is characteristic of the oxidation of a c-type heme (either soluble cytochrome c or heme c 1 from cytochrome bc 1 ), showing that intercomplex electron transfer indeed occurred. In addition, a trough developed at 434 nm and 560 nm that indicated oxidation of a b-type heme and thus the turnover of cytochrome bc 1 complex. An absorption increase around 470 nm also developed at longer times, assigned by Chance to the oxidation of flavoprotein-like compounds (36) . This absorption increase can be assigned either to the succinate:ubiquinol oxidoreductase (37) or to the internal (38) and external NADH:ubiquinol oxidoreductases (39) all of which have a FAD prosthetic group. In any case, these absorption changes were lost on addition of cytochrome bc 1 inhibitors, as expected if they arose from turnover of complexes located upstream of cytochrome bc 1 with respect to CcOx (see Fig. S2 ).
Extensive studies of light-induced oxidation of purified CcOx have led to the characterization of the sequence of complete oxidation starting from the binding of O 2 to the fully reduced enzyme. Briefly, and without entering into the mechanistic details which are accurately documented (24) (25) (26) (27) (28) (29) , at 1 mM [O 2 ], oxygen binds in about 8-12 μs and this triggers the electron and proton transfer sequence. Hemes a and a 3 are oxidized in ∼30-40 μs and the formation of the ferryl (F) state follows in ∼100 μs. The overall catalytic process then proceeds through a ∼1-2 ms component which is kinetically limited by proton transfer. Because the triggering event; i.e., oxygen binding, is a second order reaction, its rate is expected to depend on the concentration of oxygen. We thus studied the dependence upon [O 2 ] of the transient absorption changes reflecting the catalytic cycle of CcOx. As shown in Fig. 3 A and B, we observed multiphasic kinetics. By fitting these kinetics with two exponentials, a fast component with a rate constant depending linearly on [O 2 ] was observed. Bimolecular rate constants of 6.8 10 7 M −1 s −1 and 9.5 10 7 M −1 s −1 in the W303 and BY strains, respectively were obtained (Fig. 3C ), in good agreement with previously published data (23, 34, 40, 41) . . Importantly, the amplitude of the flashinduced absorption changes at 445 nm, which reflects the photodissociation of CO from the reduced heme a 3 , allow the assessment of the state of the system prior to photolysis. On this basis we restricted the [O 2 ] limit to 160 μM, a concentration at which oxygen binding occurs with a rate constant of 10;700 s −1 which is faster than the slowest, proton transfer limited, catalytic step of CcOx but in the same time range as formation of the F state. This limited [O 2 ] range likely accounts for the fact that the transient absorption changes reported here did not display the same wealth of kinetic components as those obtained with purified enzyme at higher oxygen concentration (see refs. 42 and 27 for a recent review), and that two kinetic components were adequate to fit these transients.
Time-Resolution of Cytochrome c Oxidation. Despite the kinetic limitation resulting from the limited [O 2 ] which could be used, the possibility to characterize the kinetics of cytochrome c oxidation at 551 nm provides a powerful means to assess the degree of binding to its membrane-bound electron acceptor. Indeed, electron transfer from reduced, bound cytochrome c to oxidized Cu A of CcOx has been shown to occur in vitro with rates ranging from 7 10 3 to 6 10 4 s −1 (42, 43) . As another example, in bacterial caa 3 -type oxidases which contain a c-type cytochrome subunit, the oxidation of heme c following photoactivation develops in the 30 to 240 μs range (44) (45) (46) . Thus, a stable complex with a prebound cytochrome c should be evident as a fast 551 nm kinetic component. Fig. 4 Assessing the Restriction to Diffusion of Cytochrome c. Rather than attempting to time-resolve the sequential oxidation of CcOx and cytochrome c, we then aimed at probing the size of the cytochrome c pool oxidizable by turnover of one CcOx. The rationale behind this aim was to probe possible restrictions to the interaction between the membrane-bound enzyme and its pool of soluble electron donors. Such restrictions may be a consequence of the intricate topology of the mitochondrial inner membrane or of the supramolecular association of the respiratory complexes. To do so, the influx of electrons into the cytochrome c pool needs to be blocked, thereby allowing the assessment of the entire frac- tion of cytochrome c accessible to the CcOx-mediated oxidation. CO binds to reduced heme a 3 and may spontaneously dissociate (see above). Thus cytochrome bc 1 inhibiting conditions which significantly slow down the reduction of cytochrome c and, consequently, the reduction of CcOx, required that oxygen concentration was kept low enough to make oxygen binding a poor competitor with CO binding. In these conditions, a single laser flash did not lead to the complete oxidation of the cytochrome c pool, despite the slow reduction of cytochrome c (Fig. 5) . This limited oxidation yield may result either from a limited access to the cytochrome c pool which would stem from constraints on the diffusion of cytochrome c, or from a limited number of turnovers sustained by the photo-dissociated CcOx owing to the low amount of CcOx that binds O 2 and performs turnover after photoactivation. We favor the latter hypothesis. Indeed, the fraction of cytochrome c oxidized after the first flash of the series decreased with [O 2 ], while the total amplitude (reached after several flashes) remained the same (Fig. S3) , suggesting that the oxidation yield is limited by O 2 binding. This possible limitation can be estimated quantitatively: in the absence of O 2 , the decay of the light-induced absorption at 445 nm yields the pseudofirst order rate constant, k CO , for the rebinding of CO (Fig. 1B) . When measured in the presence of oxygen this decay yields the overall rate constant reflecting O 2 and CO binding; i.e., the sum of the individual pseudofirst order rate constants of the two processes, (k CO þ k O2 ). We obtained 53 and 80 s −1 for k CO and k CO þ k O2 , respectively so that k O2 ¼ 27 s −1 . The probability for a photoactivated CcOx to bind O 2 rather than CO is thus
Once photoactivated, the 34% fraction of CcOx having bound O 2 may undergo multiple turnovers as the competition between CO and O 2 continues until CO binds to the reduced heme a 3 . These successive turnovers of one photooxidized CcOx thus constitute a series of independent events where O 2 competes with CO for binding, with the probability ρ O2 . This series corresponds to a sequential repeat of independent Bernoulli trials; i.e., an experiment with only two possible random outcomes, here O 2 or CO binding. Quantitatively, the sequence is as follows: 34% of the photoactivated CcOx bind O 2 rather than CO, ∼12% (0.34 2 ) undergo a second turnover, ∼4% (0.34
3 ) a third one etc. On average, each photooxidized CcOx thus undergoes slightly more than a singleturnover, in the conditions of the experiments.
By using such conditions where a limited fraction of cytochrome c is oxidized by the light-induced turnovers of CcOx, we can address the issue as to whether the probability to oxidize a given cytochrome c is independent of the redox state of the other cytochromes c in the pool, as expected in a fully stochastic system with no diffusion constraints. Alternatively this probability may evolve as the cytochrome c pool gets progressively oxidized and would reflect a wide distribution in the size of the cytochrome c pool accessible to the light-induced oxidation burst. Fig. 5 shows the progressive cytochrome c oxidation in response to a series of flashes at various intensities. The lines shown in Fig. 5 are fits of the data with a geometric probability law, indicative of the homogeneous, pool-like relationship between cytochrome c and CcOx.
Discussion
Photoactivation of CcOx has been most fruitfully carried out to characterize in detail its electron and proton transfer reactions. The present study extends this approach to the entire respiratory chain in intact cells. Although, as mentioned above, the equilibration of the sample with the gaseous phase together with the spontaneous dissociation of CO in the dark limits the range of [O 2 ] which can be used and thus limits the time resolution of the technique, we successfully time-resolved the sequential electron transfer along the entire chain starting from hemes a∕a 3 to the NADH: and succinate: dehydrogenases via cytochrome bc 1 complex (Fig. 1B) . This methodological extension might pave the way to the functional analysis of the different complexes in their native environments, and possibly to the study of their regulation in response to physiological changes. However, stimulated by the growing evidence for the existence of supramolecular complexes formed from several components, or perhaps even from the whole respiratory electron transfer chain, we first aimed at characterizing the functional consequences of the supramolecular organization of the respiratory chain. Supercomplexes have been found in a wide variety of organisms ranging from bacteria and unicellular eukaryotes to multicellular organisms including fungi, higher plants, and mammals (11) . In addition, the abundance and/or stability of these supramolecular edifices have been shown to respond to physiological changes (13, 14) , thus pointing to their physiological relevance. Yet, to our knowledge, functional data supporting these views are scarce. Respirasomes; i.e., assemblies comprising the entire electron transfer chain, have been isolated and shown to be able to promote electron transfer from NADH to oxygen (12) , providing evidence that such a supramolecular structure can sustain electron transfer. Also, Boumans, et al. concluded that, in isolated yeast mitochondria, the ETC is a "single functional unit" as neither cytochromes c nor ubiquinones showed the characteristics expected for a pool, at least in low phosphate conditions (15) . However, experimental support for a role of supercomplexes in situ; i.e., in intact cells, is still lacking. According to current views, the purpose, if any, of such supramolecular assemblies is to shuttle the electron so as to avoid possible kinetic limitations which can arise from diffusion controlled processes. To be functionally relevant these assemblies thus require the mobile electron carriers to be trapped within supercomplexes that are formed from membrane-bound enzymes. In principle, diffusion-limited electron transfer reactions can be distinguished from electron transfer reactions between two bound complexes kinetically, as illustrated in the photosynthetic chain by the kinetic characteristics of electron transfer from plastocyanin to Photosystem I (47).
Interaction Between Soluble Cytochrome c and Cytochrome c Oxidase.
In the W303 strain, the overall oxidation rate of cytochrome c increased with [O 2 ] (Fig. 3A) . Thus, in the [O 2 ] range used, the oxidation of at least a fraction of the cytochrome c pool is ratelimited by the binding of oxygen to CcOx. Fig. 4C shows the oxidation kinetics of cytochrome c at the highest [O 2 ] studied here. The quality of the fit was clearly improved when using two exponentials rather than one, pointing to the occurrence of distinct, kinetically limiting, steps for the fast and slow components as the diffusion-limited oxidation of cytochrome c has been shown to be a pseudofirst order process (43, 48) . This multiphasic behavior thus discloses at least two different types of cytochrome c, the fastest fraction being oxidized with a rate constant of ∼3.6 10 3 s −1 (time constant ∼280 μs). Although slower than the rate of O 2 binding to the CcOx at this [O 2 ] (10 4 s −1 ), we assign this fast oxidation to electron transfer from prebound cytochrome c to oxidized CcOx. Indeed, time-resolved studies of the oxidation of cytochrome c in caa 3 -type oxidases have shown that this reaction is in fact a multiphasic process. Although the first phase of cytochrome c oxidation can be as fast as 3-6 10 4 s −1 , the major kinetic component occurs with a rate constant in the 1 to 4 10 3 s −1 time range (44, 46) . The value found here for the fastest step in the oxidation of cytochrome c is thus similar to the caa 3 case where cytochrome c is an integral subunit of the oxidase and thus bound to its electron acceptor. Notably, the relative amplitude of this fast component which, in the present framework, reflects the fraction of prebound cytochrome c, accounts for 16% of the entire cytochrome c, so that, with a stoichiometry of 4-5 cytochrome c per CcOx, a large majority of CcOx would have a prebound cytochrome c. In the Δcrd1 strain, impaired in the cardiolipin biosynthesis pathway and having a much lower abundance and stability of the cytochrome bc 1 -CcOx supercomplex (30, 49, 50) , the cytochrome c oxidation kinetics were similar to those observed in the WT (Wild-type) (Fig. S4) . However, the amplitude of the fast component was slightly lower, decreasing from 16% of the total amplitude in the WT to 12 % in the Δcrd1, showing that the lack of cardiolipin hardly affects the association of CcOx and cytochrome c.
The Kinetics of Electron Transfer in the BY Strain. The other yeast strain used in this study, BY, derived from the S288c strain, which bears a mutation in the HAP1 gene (51) . HAP1 encodes a transcription factor involved, on the one hand, in the expression of aerobic genes in response to [O 2 ] increase, and, on the other hand, in the activation of ROX1, a gene involved in the downregulation of anaerobic genes under normoxic conditions. Interestingly, completely different results were obtained with this strain. The kinetics of cytochrome c oxidation, under the same conditions as for W303, were independent of [O 2 ], and strictly monoexponential with a rate constant of 150 s −1 . This slow cytochrome c oxidation is all the more striking as the binding rate constant of O 2 to heme a 3 was found to be slightly higher in the BY strain, 1 10 4 s −1 at ½O 2 ¼ 130 μM. The millisecond kinetic component of CcOx oxidation (also found in W303), with a rate constant of 250 s −1 , was also faster than the cytochrome c oxidation. Thus, in this case, the fraction of prebound cytochrome c must be too low to detect and the oxidation of cytochrome c is kinetically limited by a process which is slower than the slowest reactions occurring within CcOx.
Both the increased O 2 binding to CcOx and the kinetically limiting binding of cytochrome c, likely stem from the genetic background of the BY strain. Among the various consequences of the hap1 mutation, the decreased accumulation of cytochrome c (as confirmed by the absorption spectra of whole cells, see Fig. S5 ), and the enhanced expression of iso-2-cytochrome c, and of CcOx subunit Vb (52) are particularly relevant here. CcOx containing the isoform Vb has been reported to have a larger maximal turnover rate (53) than CcOx with isoform Va. This finding is in line with our observations of a significantly higher O 2 binding rate constant in BY than in W303. In addition, upregulation of the iso-2-cytochrome c decreases the rate of electron transfer to oxidized CcOx (54), although the structural rationale for this change remains unknown. In combination with the lower relative abundance of cytochrome c, which should translate into a decreased probability of binding to the CcOx, this accounts for the absence of any detectable prebound cytochrome c and for the relatively slow electron transfer capability of BY. The rate-limiting step in the overall oxidation of cytochrome c oxidation in BY would then be its diffusion towards its binding site. Incidentally, this difference between the W303 and By strains provides a proof of concept for the possible extension of our approach to investigate fine regulations of the respiratory chain and its constituents.
Cytochrome c Freely Diffuses in the Intermembrane Space. Another way to probe the ultrastructure of the respiratory chain is to estimate the size of the cytochrome c pool able to donate electrons to oxidized CcOx. Indeed, in addition to supercomplexes, the topology of the inner membrane may define local compartments acting as barriers to the diffusion of mobile electron carriers. According to recent three-dimensional (3D) models of mitochondria derived from tomography imaging, the topology of the inner membrane defines domains of variable size, communicating with the intermembrane space through pores called "cristae junctions" of 14 nm inner diameter (55) . Although the cytochrome c molecule is smaller than these pores [approximately 3 nm in diameter (56) ], this has led to the hypothesis that the cristae might define local domains that limit diffusion.
Both supercomplex assembly and cristae formation have been proposed to "channel" the soluble carriers such as cytochrome c thereby improving their kinetic efficiency. If such channels do exist, irrespectively of their origin -supercomplexes or compartmentalization-one expects the amount of cytochrome c accessible to oxidation upon one flash to be significantly smaller than the overall cytochrome c pool, in particular when the flash intensity is subsaturating. Assuming that the progressive oxidation of all the cytochromes c in the pool is a succession of independent events having the same probability of occurrence, the fraction χðnÞ of oxidized cytochrome c upon a series of flashes (Fig. 5 ), should increase with the flash number, n, following the geometric probability law:
where p c is the fraction of oxidized cytochrome upon the first flash. In addition to this stochastic framework, one need take into account the fact that, with successive flashes being spaced in time and despite the presence of cytochrome bc 1 inhibitors, a fraction of the cytochrome c oxidized upon the nth flash in the series is rereduced when flash (n þ 1) is triggered. We experimentally determined this fraction, α, as 8%. The above geometric probability law must thus be modified according to: χðnÞ ¼ ∑ n−1 k¼0 p c ½ð1 − αÞð1 − p c Þ k . The dashed lines in Fig. 5 are fits of the data with such a function, constraining α to 0.08 and allowing p c to vary with the flash intensity. The satisfying agreement between the fits and data shows that the entire dataset, comprising several such experiments at different flash energies, can be described by this model which assumes only that the progressive oxidation of the cytochrome c pool is a succession of independent and thus equiprobable events. In other words, the individual cytochromes c are all equivalent with respect to their oxidation probability, ruling out the existence of a widespread distribution of cytochrome c to CcOx stoichiometric ratios. Indeed, restriction of the soluble electron carrier would necessarily result in the existence of different compartments with individual cytochrome c to CcOx stoichiometric ratios being higher and lower than the average value. In a compartment with a low stoichiometric ratio the relative extent of the flash-induced cytochrome c oxidation would be larger than the average and hence the characteristic parameter p c of the geometric law in this particular compartment would be larger than the average one, p c av . Conversely, in compartments with a larger cytochrome c to CcOx ratio the relative amount of oxidizing equivalent generated by one flash would be lower than the average, henceforth p c would be lower than p c av . In both cases the progressive oxidation of the cytochrome c in these two compartments would deviate from the geometric law with parameter p c av and, importantly, so would their weighted average (as illustrated in Fig. S6 ). Interestingly, this observation indicates that under oxygen-limiting conditions, restraining the diffusion of the soluble cofactors may result in a suboptimal efficiency in the electron transfer, because compartments with low cytochrome c to CcOx ratios would have their cytochrome c pools overoxidized.
Consistent with our conclusion on the absence of a significant limitation to the diffusion of cytochrome c, we obtained similar results with the Δatp20 mutant (see Fig. S7 ), which lacks the usual cristae (57) , confirming that the ultrastructure of the mitochondrial inner membrane doesn't significantly impede the free diffusion of cytochrome c.
Conclusion
As tempting as it may be to derive functional implications from ultrastructural features of the respiratory chain observed in purified systems, we demonstrate here that, in intact yeast, the respiratory ETC essentially behaves as a homogeneous system on the time scale of hundreds of milliseconds. Cytochrome c may be prebound to the CcOx, but this interaction is determined by the bimolecular interactions between these two proteins and their stoichiometric ratio, rather than by an effective trapping of the soluble carrier within a particular supramolecular structure. Even though the possibility remains that quinones are trapped within supercomplexes, as regards to cytochrome c, the present conclusions are in excellent agreement with the random collision model previously described by Hackenbrock, et al. (8) .
Importantly, destabilization of either the mitochondrial cristae structure or supercomplex association of the components of the ETC did not result in obvious phenotypes in our assay of flashinduced respiration. On the other hand, we observed significant differences between the W303 and BY control strains, which we ascribed to the specific genetic background of the latter, implying expression of some respiratory proteins at modified levels and/or as different isoforms. This difference provides a proof of concept for the possible extension of the present approach to probe regulation of the respiratory chain and to its extension to other cellular systems, such as plant or mammal cells.
Materials and Methods
Yeast Strains. The Saccharomyces cerevisiae strains used in this study were derived form BY4742 (from Euroscarf) and from W303-1B (58) . In all strains, the gene YHB1 encoding a flavohemoprotein was deleted to avoid any possible interference coming from the spectral signal from this enzyme. Mutant strains were generated by deleting the CRD1 or the ATP20 gene. None of the deletions affected respiratory growth of the strains.
The set of strains used was thus as follows: BY4742 yhb1∷LEU2 (called BY in this report) BY4742 yhb1∷LEU2 crd1∷kanMX4 BY4742 yhb1∷LEU2 atp20∷kanMX4 W303-1B yhb1∷LEU2 (called W303 in this report) W303-1B yhb1∷LEU2 crd1∷URA3 W303-1B yhb1∷LEU2 atp20∷URA3
Culture Medium and Sample Preparation. Yeasts cells were grown on YPD 0.5 medium, composed of 1% Yeast Extract, 2% Peptone, and 0.5% Glucose.
In such a medium, growth displays two distinct phases, the glucose being initially consumed in fermentative pathways, while the ethanol produced during this first phase triggers obligatory respiratory growth once the glucose is depleted (50) . The cells were grown in erlenmeyer flasks (filled at 1∕5 with cell culture medium) at 28°C under vigorous shaking (200 rpm) and harvested in this second exponential growth phase, shortly after the diauxic transition happened. Cells were spun down (1,500 g, 5 min), the pellet was washed in distilled water and, after a second centrifugation, resuspended in MES 40 mM, pH 6.5. Nigericin and valinomycin were added at 10 μM, and the cells were incubated aerobically for at least 10 min. Oxygen consumption assays using a Clark electrode (Qubit Systems) showed that the uncoupled respiration rate of the samples was similar before and after the time-resolved absorption experiments. When specified, 10 μM Tri-Decyl Stigmatellin (TDS, a kind gift of F. Giusti, IBPC), a cytochrome bc 1 inhibitor, was added.
Optical and Spectrophotometric Setup. The experimental setup has been described elsewhere (59) . Detecting and actinic flashes were both provided by OPO resonant cavities (respectively Panther and Slopo, Continuum) pumped by the third harmonic of pulsed Nd:YAG lasers. The excitation wavelength was 590 nm or 605 nm. When spectral information in the red part of the spectrum was required, excitation was switched to 430 nm, and its intensity was adjusted based on the kinetics and amplitude of the cytochrome c signal at 551 nm. A specific cuvette was designed for the purpose of the experiment. A reservoir (volume c.a. 6 mL) is connected to a cubic cuvette of 8 mm optical pathlength, with three quartz windows. The actinic flash is orthogonal to the detecting beam. The sample was equilibrated with the gaseous phase in the reservoir and transferred to the cuvette by a piston operated magnetically. A single actinic flash was then fired after a few seconds and the sample was renewed. Equilibration of the gaseous phase was achieved by bubbling the reservoir, using a peristaltic pump that connected the reservoir to a 500 mL bottle filled with CO and oxygen (or argon) at the desired partial pressures.
Deconvolution of Spectroscopic Signals. Cytochrome c redox changes were monitored at 551 nm, a wavelength which is free of significant contributions from other electron carriers in the electron transfer chain. However, in the blue region of the spectra, the absorption changes associated with the binding of oxygen or CO and/or with the redox changes of hemes a∕a 3 , monitored at 445 nm, had to be corrected for overlapping spectral contributions from cytochrome c and flavoproteins. According to the cytochrome c difference spectra found in the literature (60) , and assuming that the reduced minus oxidized flavoprotein extinction is roughly constant from 445 to 470 nm, a deconvolution for the CcOx signal is given by:
where s 445 , s 470 , and s 551 are the raw kinetics measured at the corresponding wavelengths. This deconvolution was validated by comparing such results with the light-induced absorption changes measured at 605 nm after correction for the small (10%) cytochrome c contribution at this wavelength (Fig. S8) . When cytochrome bc 1 inhibitors were added, the contribution from flavoproteins was prevented, as demonstrated by the equivalence of the kinetics at 470 and 551 nm (Fig. S2) 
